treatment. the biomass of young insect-susceptible plants was lower following exposure to flea beetles, and the number of leaves of both plant types was negatively affected by combined exposure. after flowering, however, adult plants produced similar numbers of viable seeds, irrespective of treatment. Our findings support the concept that pathogens and herbivores can affect each other's performance on a host plant and that the plant reacts by inducing specific and general defences. however, plants may be able to compensate for biomass loss from single and combined attacks over time.
Introduction
Plants are often attacked simultaneously by phytopathogens and insect herbivores, and interactions between them are therefore common (hatcher 1995; hauser et al. 2013) . the pathogens and insects may interact directly-e.g. if pathogen spores are transported by insects to suitable plant tissues-or indirectly through changes in the plant induced by one antagonist that also affect the other. thus, pathogen infections can modify the attractiveness of the host plant to herbivorous insects (stout et al. 2006; van molken et al. 2012 ) as well as their consumption, growth rate, survival and fitness (hatcher 1995; hatcher and Paul 2000; Paul et al. 2000; rostas and hilker 2002; stout et al. 2006; mouttet et al. 2011; tack and Dicke 2013) .
Indirect interactions between plant antagonists may be caused by defence compounds induced by one antagonist that also affect the other; alternatively, one antagonist may suppress plant defence levels and thereby benefit the other. complex cross-talk between defence signalling pathways in the plant may also contribute to such interactions, as different functional groups of herbivores and pathogens induce different signal pathways that may interfere with each other (Pieterse and Dicke 2007; Koornneef and Pieterse 2008; thaler et al. 2012) . Other causes of interactions may involve changes in resource partitioning or allocation as a consequence of attack (hatcher 1995) . thus, the combined impact of pathogens and insect herbivores may differ significantly from the sum of impacts of each antagonist on its own (hatcher 1995; hauser et al. 2013) .
the immediate resource losses incurred by combined attacks by pathogens and herbivores may to some extent be compensated for by re-growth, depending on the amount and distribution of losses, stored resources, integration and mobility among compartments, architecture and environmental conditions nunez-Farfan et al. 2007; Fornoni 2011) . Unfortunately, only a few studies have evaluated how the proximate impacts of pathogenherbivore interactions translate into effects on plant performance and fitness (morris et al. 2007; hauser et al. 2013 ). such knowledge is crucial for understanding the evolution of complex plant defences and for integrated pest management.
In the study reported here we analysed interactions between the wild herbaceous crucifer Barbarea vulgaris (brassicaceae), a flea beetle, and a pathogen (Fig. 1) . the subspecies ssp. arcuata (Opiz.) simkovics of B. vulgaris contains two divergent evolutionary types (agerbirk et al. 2003b; toneatto et al. 2010, 2012; hauser et al. 2012 ) that differ in resistance to the flea beetle Phyllotreta nemorum and other important specialist herbivores (nielsen 1997; renwick 2002) . One plant type is susceptible to all known P. nemorum genotypes and has Pubescent rosette leaves (and therefore designated the P-type; nielsen 1997), whereas the other is resistant to most genotypes of P. nemorum and has Glabrous leaves (g-type). the two plant types co-exist in Denmark but predominantly in separate populations (nielsen, unpublished) .
Barbarea vulgaris is also attacked by the oomycete pathogen Albugo sp. (van mölken et al. 2014) , which causes white blister rust in natural B. vulgaris populations in Denmark and frequently has affected the experimental plants at the University of copenhagen. the P-and g-types of B. vulgaris have been suggested to differ also in susceptibility to Albugo (toneatto 2009; van mölken et al. 2014) , based on observations of spontaneously infected plants in a greenhouse.
Possible interactions between B. vulgaris, flea beetles and Albugo could be caused by several different mechanisms. the resistance against flea beetles is caused in particular by the saponin hederagenin cellobioside (3-O-cellobiosyl-hederagenin) (shinoda et al. 2002; Kuzina et al. 2009; nielsen et al. 2010; augustin et al. 2011 , which is present in g-plants from spring to autumn (agerbirk et al. 2003a) . Putative saponins have also been discovered in P-plants (Kuzina et al. 2011) ; however, it is unknown if these have a resistance function against any antagonists. saponins are known to affect many different herbivores and pathogens (Osbourn 1996; augustin et al. 2011) , and Albugo may possibly be sensitive to P-type saponins. If so, interactions between flea beetles and Albugo could result from an increased production of saponins when both are present. the same mechanism of interaction could potentially arise from the induction of glucosinolates. the P-type mainly contains glucosibarin [the optical r-isomer of 2-hydroxy-2-phenylethyl-glucosinolate (2r)] whereas the g-type contains glucobarbarin [the optical s isomer (2s)] (agerbirk et al. 2003a; agerbirk and Olsen 2011) . glucosinolates are often toxic or deterrent to non-crucifer specialist insects and play a role in host selection by crucifer specialists (Fahey et al. 2001; griffiths et al. 2001; renwick 2002) . glucosinolates may affect fungi and microorganisms (Fahey et al. 2001) , including oomycete pathogens (schlaeppi et al. 2010; Wang et al. 2013) , and possibly also Albugo species (mathur et al. 2013) . although the strong resistance of g-plants against flea beetles is not caused by their specific glucosinolates (agerbirk et al. 2001, 2003b) , glucosinolates may still affect the flea beetles to a lesser degree.
Albugo infection of B. vulgaris may affect the oviposition preference of flea beetles, as has been shown for the specialist herbivorous butterfly Pieris rapae on the related crucifer Lepidium oleraceum (hasenbank et al. 2011) . Albugo sp. is able to suppress defences of Arabidopsis thaliana and Brassica juncea, which enables otherwise incompatible downy mildew strains to infect the plants (cooper et al. 2008) . It is as yet known whether this suppression also affects defence compounds active against herbivores.
Finally, antagonistic interactions may occur in B. vulgaris between the presumed salicylic acid-based signals triggered by the biotroph Albugo and jasmonic acid-based signals triggered by the chewing and mining flea beetles (Pieterse and Dicke 2007; Koornneef and Pieterse 2008; thaler et al. 2012) . however, the specificity of signals in response to these two antagonists has never been tested to our knowledge.
here, we tested whether Albugo infection of the two different B. vulgaris plant types modifies their interaction with flea beetles, and vice versa, and whether this leads to interactive impacts on plant growth and reproduction. We experimentally applied Albugo and P. nemorum, alone and in combination, to P-and g-plants in a glasshouse and analysed (1) the degree of herbivory and pathogen infection, (2) the levels of defence-related compounds and nutritional quality of the plants, (3) biomass accumulation and (4) the production of viable seeds.
Materials and methods

experimental design
Barbarea vulgaris plants for this experiment originated from g-type and P-type populations from Kvaerkeby and tissø, respectively, both Zealand, Denmark. both populations are well studied and typical of the two plant types with respect to resistance, saponin and glucosinolate content (agerbirk et al. 2001 , 2003b de Jong et al. 2001) .
In march 2010, seeds were sown in a greenhouse under long-day conditions (18/6 h, light/dark). after 1 week, 200 seedlings of each plant type were transplanted individually into plastic pots containing standard potting soil. as saponin production in B. vulgaris depends on light quality, natural daylight was supplemented by metal halide lamps (400 W; Philips hPI-t plus; Philips, eindhoven, the netherlands). When the plants were 3 weeks old and had four to five true leaves, they were transferred to completely dark conditions in a growth chamber maintained at 15 °c and covered with plastic to maintain a high humidity.
the following day, half of the plants were inoculated with Albugo, using a field isolate originating from naturally infected B. vulgaris g-plants from the university campus. a fresh source of inoculum was maintained through serial passage in g-plants. as we have never been able to find naturally infected P-plants, strains adapted to this plant type (if any do exist) could not be included in the study. Albugo sporangia were collected by tapping leaves with mature pustules onto a glass slide. Inoculum was prepared based on a protocol by Dangl et al. (1992) : sporangia were hydrated for 90 min in deionised h 2 O at 15 °c and adjusted to 7 × 10 4 sporangia per millilitre. the plants to be infected with Albugo were inoculated with five separate drops of 10 μl of inoculum on each of their four youngest leaves, following which they were kept in plastic bags in the darkness at 15 °c. the other half of the plants were given the same treatment, but without sporangia. after 3 days, all plants were transferred to long-day conditions (18/6 h, light/dark) at 17 °c. White rust began to develop 10 days post-inoculation (dpi); at 14 dpi the number of leaves with rust was counted (Fig. 1d) .
at 17 dpi, the plants were divided in two sets of plants with pairwise matching individual sizes; infected plants had the same number of leaves with white rust. these sets were used for the first and second harvest, respectively (see below). each set included 56 P-and g-plants. Infected and non-infected plants were further assigned to the flea beetle treatment and a control. Albugo and P. nemorum were thus applied in a fully factorial design with 14 replicate plants per plant type, treatment and harvest. We did not include a treatment where flea beetles were added before Albugo.
all plants were individually covered with mesh bags, and the first portion of flea beetles was added to the assigned plants. the flea beetles were taken from a susceptible line maintained at the University of copenhagen as described by nielsen (1999) . adults used in our experiment were not older than 7 days and were not sexed prior to use. In total, nine beetles were added in three portions over 20 days. One month after the first beetles was added to the plants (56 dpi), mesh bags and beetles were removed and the number of leaves counted. at this time, some of the beetles had mated, and larval mines were observed in the leaves of 91 % of the P-plants.
One of the two sets of plants was then used to analyse biomass and chemical composition (first harvest). a leaf disk (diameter 8 mm) from the fifth youngest rosette leaf was frozen in liquid nitrogen, stored at −70 °c and used for saponin analysis (see section "Plant biochemical composition"). Five leaf disks (diameter 22-29 mm) from the fourth, eighth and 12th youngest and the fourth and seventh oldest leaves were scanned on a flat bed scanner to quantify beetle damage and then analysed for Albugo infection and glucosinolate content. a disk from the sixth youngest leaf was analysed for carbon/nitrogen content (section "Plant biochemical composition"). the dry weight of leaves (including leaf disks) and roots were measured separately and combined into a measure of total biomass. the second set of plants (for second harvest) was vernalized at 4 °c for 3 months and then transferred at the beginning of august to a heated greenhouse with natural light. When plants had started flowering, after 4 weeks, plants from each treatment and plant type were placed in separate mesh tents, and male bumble bees were added as pollinators. a minimum of five bumble bees were present in each tent for 1 month, by the end of which time flowering had ended. Plants were then transferred to a climate chamber for the siliques to ripen.
at the second harvest, flowers, siliques, and seeds were dried and counted and the flowering stalks weighed. seed germination of 200 seeds per plant was tested on moist filter paper in petri dishes, with two petri dishes per plant, at 14 h light/20 °c, 10 h dark/12 °c. seeds were considered to be germinated if cotyledons emerged within 20 days.
Albugo symptoms, infection and herbivore feeding the development of white blister rust was visually estimated at the time of first harvest (56 dpi) as the percentage leaf area covered by pustules. each leaf was assigned to one of five damage categories: 0 = no damage; 1 = ≥0-20 %; 2 = 21-40 %; 3 = 41-60 %; 4 = 61-80 %; 5 = 81-100 % damage. the total percentage of leaf area with rust was estimated to be the sum of the products of the percentage of leaves of each damage class and the mean percentage damage of that class.
Albugo infection was estimated by quantitative Pcr using specific primers targeting the internal transcribed spacer (Its) region (ac_F2: gcttcggcttgacacattag; ac_r1: tccgtctccttgatgacctt) (van mölken et al. 2014) . briefly, the five dried leaf disks scanned for herbivore consumption (see below) were ground with a mixer mill (tissuelyser II; retsch gmbh, haan, germany) and the mix used for Dna and glucosinolate analyses. Dna was extracted with a Dneasy Plant mini Kit (Qiagen, Venlo, the netherlands), and quantitative Pcr was performed on a mx3000P apparatus (stratagene, la Jolla, ca). the Pcr reaction was set up in duplicate for each sample using brilliant II sYbr green QPcr master mix (agilent technologies, santa clara, ca) following the manufacturer's instructions. standards of serially diluted Albugo Dna in water of known concentrations were included. another standard series was used to estimate the minimum amount of pure Albugo Dna that could be detected. after amplification, a melting curve analysis ensured that only one Pcr product was amplified.
Phyllotreta nemorum feeding was estimated as the average percentage of the area of the five leaf discs per plant consumed by adults (holes in leaves) and larvae (leaf-mines), using the software ImageJ (http://rsbweb.nih.gov/ij/).
Plant biochemical composition
Saponins saponins were extracted from the fifth youngest leaf disk by the methods of Kuzina et al. (2009) and then analysed by liquid chromatography-mass spectrometry on an agilent 1100 series liquid chromatograph (agilent technologies) coupled to a bruker hct-Ultra Ion trap mass spectrometer (bruker Daltonics, Freemont, ca). a gemini-nX column (3 μm, c18, 110a, 2 × 150 mm; Phenomenex, torrance, ca) was used at a flow rate of 0.2 ml min , rt 20.7). three putative saponin compounds were scored in P-plants, corresponding to the putative P-type saponins in Kuzina et al. (2011) based on their mass-to-charge (m/z) (1,073 [m + tFa] − for saponins 1 (rt 14.8) and 3 (rt 15.5); 1,159 [m + tFa] − for saponin 2, rt 16.2). Peak areas of the saponins were used as estimates of relative saponin content as exact concentrations could not be determined.
Glucosinolates glucosinolates were extracted from 50-100 mg of ground leaf discs (same as used for estimation of herbivore consumption; see section "Albugo symptoms, infection and herbivore feeding") and analysed as described by van leur et al. (2008) . additional standards of progoitrin, gluconapin, glucoiberin, glucobrassicanapin, glucotropeaolin, gluconasturtiin, glucoraphanin, glucocoerucin, glucobrassicin and sinalbin (Phytoplan, heidelberg, germany) were used. to calculate concentrations, we divided the glucosinolate measurements by the dry weight of the sample.
Total nitrogen and carbon
total nitrogen and carbon contents were measured by mass spectrometry of 3.5-4.5 mg of leaf tissue, which was combusted in tin capsules and then analysed with an elemental analyser (20-20; europa scientific, crewe, UK) according to the Dumas method (schjoerring et al. 1993 ).
Data analysis effects of P. nemorum, Albugo and their combination on the measured traits were analysed by analysis of variance (Proc glm). all analyses were conducted for P-and g-plants separately due to their difference in resistance to P. nemorum. If assumptions of normality and homoscedasticity did not hold, data were transformed; otherwise we used gee analysis (Proc genmOD) after tests of "goodness of fit" in genmOD to determine the appropriate distribution. seed germination was analysed using events/trials data. multiple comparisons were tested both in Proc glm (tdiff) and Proc genmOD (diff).
the leaf area with white rust was correlated to Albugo Dna levels (log); this was only done for inoculated g-plants, since P-plants scarcely developed rust. herbivore consumption was only analysed in treatments where flea beetles were applied, and only for P-plants (g-plants are resistant). some non-inoculated plants developed white rust during the experiment and were excluded from all analyses. all tests were carried out in sas ver. 9.1 (sas Institute Inc., cary, nc).
Results
Albugo and flea beetle interactions
White blister rust developed on only 17 % of the P-plants as compared to 81 % of the g-plants (14 dpi ; Fig. 1 ); a similar difference was found at first harvest (56 dpi; results not shown). likewise, only very low levels of Albugo Dna were detected in leaf extracts of inoculated P-plants (without flea beetles), while the content in g-plants was much higher [table 1; Fig. 2 ; electronic supplementary material (esm) 1].
extracts of inoculated plants that were also exposed to flea beetles contained more Albugo Dna than inoculated plants without beetles (77-and 2.6-fold more Dna in Pand g-plants, respectively, table 1; Fig. 2; esm 1) . Inoculated g-plants with flea beetles also developed more white rust in younger parts of the plants (results not shown). the leaf area covered with white rust was positively correlated with Albugo Dna content in g-plants (N = 28; r = 0.658; p = 0.0001).
Flea beetle larvae consumed 56 % more leaf tissue of pathogen-exposed P-plants than of non-inoculated plants (table 1; Fig. 2) . however, the area consumed by adult flea beetles was not influenced by Albugo infection (table 1; Fig. 2 ; esm 1).
g-plants were highly resistant to flea beetles, as expected, and only ten of 25 g-plants had more than 1 % leaf area damaged by adults, and only on old leaves. Only three plants were damaged by larvae, and the damage never exceeded 0.1 % of leaf area (data not shown).
biochemical changes in plants the content of saponin 3 in P-plants increased with herbivore exposure and with pathogen infection ( Fig. 3; esm 1) , and there was a trend towards an even higher expression in the combined treatment (table 1) . similar results were obtained for the other saponin compounds produced by P-plants (table 1) .
the resistance-causing saponin of g-plants, i.e. hederagenin cellobioside, increased in plants exposed to herbivores and even more in plants exposed also to Albugo ( Fig. 3; esm 1 ). In contrast, this saponin was not affected by pathogen infection alone. similar results were obtained for the other saponins tested (table 1; esm 1).
the carbon-nitrogen ratio of P-plants was negatively affected by flea beetles, decreasing by 26 and 29 % in the herbivore and combined treatments, respectively. this decrease was caused by increased nitrogen concentrations (table 1) . In contrast, pathogen infection did not affect the carbon-nitrogen ratio. In g-plants, the ratio was positively affected by pathogen infection due to a decreased nitrogen concentration (table 1); the other treatments had no effect.
Plant size after the herbivory and pathogen treatment at the first harvest, herbivory had decreased the biomass of P-and g-plants (29 and 11 % decrease in total weight, respectively; table 1; Fig. 4 ; esm 1), whereas there was no effect of Albugo or any interaction between flea beetles and Albugo. biomass allocation to shoots and roots did not differ between treatments (table 1) . Plants exposed to both flea beetles and Albugo had a lower number of leaves, whereas there was only little, or no, effect of the herbivore and the pathogen on their own (Fig. 4) . the reduction in number of leaves for g-plants was significant although the magnitude was small (table 1; esm 1).
Plant reproduction
at the second harvest, the number of flowers, siliques and seeds (Fig. 4) did not differ between treatments (table 1; esm 1). there was a small positive effect of flea beetles on the seed weight of P-plants, and a slightly negative effect of Albugo on the seed weight of g-plants. seed germination was higher for P-plants exposed to herbivory and for g-plants exposed to the pathogen; in addition, there was a significant interaction between the effects of herbivores and the pathogen in both plant types. however, the number of viable seeds per plant (number of seeds multiplied by germination rate) did not differ between treatments for either P-or g-plants (table 1) .
Discussion
Our results show that the insect-resistant g-plants of B. vulgaris are much more prone to Albugo sp. infection than the insect-susceptible P-plants. Albugo and flea beetles clearly affect each other's performance on the plant and induce enhanced levels of plant defence compounds in some of the combined treatments. however, plant biomass was affected only by flea beetles in P-plants, and overall reproduction was not affected by any of the treatments, indicating that the plants were able to compensate for resource losses to the pathogen and herbivore.
Different responses to albugo of the two plant types a difference in susceptibility to Albugo between P-and g-plants was originally suggested by toneatto (2009) based on observations on spontaneously infected plants in a crossing experiment. In our study we found the same difference between plant types: less than 20 % of the P-plants developed white rust and hardly any plants contained Albugo Dna, while more than 80 % of the g-plants developed white rust and contained Albugo Dna. Other inoculation experiments by our group have shown equivalent differences in white rust development, using other P-and g-populations of B. vulgaris (christensen, heimes, laybourn, Van mölken and hauser, unpublished data). Furthermore, we have found white blister rust in natural populations of g-plants, but Data are presented as mean values ± standard error (se) a significant main and interaction effects of herbivore and pathogen are indicated by asterisks: * p < 0.1; * p < 0.05; ** p < 0.01;*** p < 0.001. Full results of the statistical analyses can be found in esm 1 b P-plants produce saponins 1-3; g-lants produce hederagenin, cochalic acid, and oleanolic acid cellobiocides; values show peak areas c P-plants produce mainly glucosibarin; g-plants glucobarbarin 1 3 never in P-populations (van mölken et al. 2014) . the difference in susceptibility to Albugo between P-and g-plants thus seems to be associated with the overall divergence between these two plant types of B. vulgaris (agerbirk et al. 2003a; hauser et al. 2012) . leaf extracts of a few P-plants contained Albugo Dna, but no white rust was observed on the plants themselves. One explanation is the development of asymptomatic endophytic infections in the plants caused by Albugo, as suggested by Jacobson et al. (1998) and Ploch and thines (2011) .
Interactions between Albugo and flea beetles
Albugo and flea beetles clearly affected each other's performance, with more white rust and Albugo Dna in plants also exposed to flea beetles and a higher consumption by larvae in plants also exposed to Albugo. Flea beetles probably spread sporangia among leaves and thereby enhanced dispersal and re-infection. Albugo usually enters the plant via the stomata and has to grow actively through plant tissue to spread beyond the point of initial infection. Physical movement of the inoculum could thus increase the spread of sporangia and, subsequently, infection success. the higher consumption by larvae in Albugo-infected P-plants, despite the low infection success of Albugo in these plants, could be caused by a lower food quality or palatability that forces larvae to feed more to obtain the necessary nutrients. glucosinolate content in particular increased in plants exposed to both P. nemorum and Albugo, and even though the P-type glucosinolates (and saponins) do not confer resistance to the beetles they may decrease digestibility. alternatively, Albugo could have suppressed unknown defence component that otherwise restricts larval feeding. changes in plant biochemistry saponins and glucosinolates were strongly upregulated following flea beetle attack. this induction of the saponins was a new and unexpected finding as we have so far considered them to be constitutively produced during the growing season (but see van leur et al. 2006) . the increased production of hederagenin cellobioside upon flea beetle attack, as well as other g-type saponins, correspond with their function in resistance against these herbivores (nielsen 1997; agerbirk et al. 2003a; Kuzina et al. 2009 Kuzina et al. , 2011 . however, the increased production of saponins by P-plants exposed to flea beetles does not seem adaptive for , and carbon/nitrogen (c) content of plants exposed to flea beetles (Herb), Albugo (Path), both (H&P) and none of these (Contr), shown for P-(left) and g-plants (right) separately. Data are presented as mean values (columns) ± se (whiskers), different letters indicate pairwise significant differences at p < 0.05. note that y-axes for saponin content differ for P-and g-plants the plants as these saponins clearly do not impede flea beetle feeding. saponins were also upregulated following Albugo exposure in P-plants and with the combined treatments in both P-and g-plants (however, upregulation was only significant in g-plants). as most P-plants did not develop white rust upon Albugo inoculation, this finding could suggest a role of P-type saponins in resistance. Indeed, some saponins are known to confer resistance against pathogens (Osbourn 1996) . Preliminary results, however, suggest that saponins are not involved in the resistance of P-plants (christensen et al. unpublished). szakiel et al. (2011) suggested that the induction of saponins is part of an overall plant defence system and that P-type saponins in particular may thus be induced non-specifically by pathogens and herbivores, even by species on which they have no effect.
the strong induction of glucosinolates by insect herbivory is in agreement with several other studies (reviewed by hopkins et al. (2009)). however, in another study of herbivory in B. vulgaris (van leur et al. 2006, 2008) , glucosinolates were not upregulated by exposure to the root fly Delia radicum, even though glucosinolates were induced by jasmonic acid application. likewise, concentrations of glucosinolates in Brassica nigra were not increased by the flea beetle P. cruciferae (traw 2002; traw and Dawson 2002) . glucosinolate induction by herbivores may thus depend on the species pairs involved. however, glucosinolates are not responsible for the strong resistance of B. vulgaris g-plants against flea beetles (agerbirk et al. 2003b; Kuzina et al. 2011) , suggesting that their induction is triggered as part of a general response to insect damage, as for the saponins.
In P-plants, Albugo induced higher glucosinolate concentrations when introduced together with beetles, but not on its own. glucosinolates may protect plants against fungal pathogens (halkier and gershenzon 2006), but to our knowledge it has not been studied if they also affect oomycetes. the defensive effect of glucosinolates requires cell damage, and Albugo infection may not cause sufficient damage to trigger this.
In most of the combined treatments the content of saponins and glucosinolates was approximately additive (i.e. equal to the sum of the induced concentrations of the single treatments), or perhaps slightly synergistic. this does not fit recent hypotheses on antagonistic interactions between different plant defence signalling systems (Koornneef and Pieterse 2008; thaler et al. 2012) . Albugo, as a biotrophic pathogen, is expected to trigger a salicylic acid-based defence signalling that may antagonise the jasmonic acidbased signalling triggered by the cell-damaging flea beetles. Only for glucosinolates in g-plants did we find an antagonistic interaction, where the content of glucobarbarin was significantly lower in the combined treatment than in the treatment with only flea beetles. We have no reasonable explanation for why the plant types differ in this respect.
Flea beetles increased the amount of nitrogen relative to carbon in P-plants, but not in g-plants. this was measured as total nitrogen and may reflect the increase in glucosinolate content when exposed to herbivory. gomez et al. (2010) have shown that nitrogen may be re-allocated to other parts of the plant upon herbivory as a strategy to preserve nitrogen for re-growth. We were unable to determine whether this was the case for B. vulgaris as the roots were not analysed.
Plant performance and reproduction
Plants that had been exposed to both Albugo and flea beetles had fewer leaves at first harvest than those exposed to only one of the treatments (the interaction term was, however, only significant for g-plants). this decrease in leaf number may be caused by the increased damage by larvae in Albugo-infected plants and the increased Albugo infection in plants with flea beetles, as discussed above. surprisingly, Albugo also had a negative effect on the number of leaves in P-plants exposed to the flea beetles, even though most of these plants were resistant to Albugo (i.e. did not develop white blister rust upon inoculation). exposure to flea beetles decreased biomass at first harvest of both the flea beetle-susceptible and the resistant g-plants; thus, even though resistant plants avoid damage from the insects they have to spend substantial resources on induced defences (agrawal 2000; heil and baldwin 2002; Walters and heil 2007) . this fits our observations that both saponins and glucosinolates were strongly upregulated in these plants when attacked by flea beetles. this cost of induced resistance was surprisingly high-11 % of biomass (relative to control plants). In addition to their induced production upon attack, saponins and glucosinolates are present at a background (constitutive) level, as indicated by the concentrations in non-exposed plants; the cost of this we do not know. In comparison, susceptible P-plants had a 29 % reduction in biomass following exposure to flea beetles. P-plants also upregulated their levels of saponins and glucosinolates upon herbivory and were therefore affected by both herbivore damage and non-effective induction of defence compounds. several studies have found glucosinolate production to be rather costly (siemens et al. 2002; Zust et al. 2011; bekaert et al. 2012) , but many fewer have tested for the costs of saponin production (but see massad et al. 2012) . however, the costs may be substantial, as generally expected for terpenoids (gershenzon 1994) .
at maturity, plants did not differ in reproductive output among the four treatments, despite the differences in pathogen infection, herbivore feeding, leaf number and biomass at first harvest. likewise, there were no differences in total biomass of the flowering stalks. between the first and second harvest, plants grew enormously, branched prolifically, and had most likely outgrown the earlier differences. thus, plasticity in growth-related traits may allow plants to compensate for resource losses from an early attack nunez-Farfan et al. 2007; Fornoni 2011) . this is in agreement with recent meta-analyses that pathogens and herbivores can strongly influence each other and the plant parts they attack, but that plant biomass and reproduction are on average less affected by such interactive impacts (morris et al. 2007; hauser et al. 2013) . Our experiment was done under greenhouse conditions, where B. vulgaris's ability to compensate resource losses may be better than if grown under natural conditions. Further, B. vulgaris is a short-lived perennial, and resource losses from herbivore and pathogen attack during its first year could potentially carry over and affect survival and reproduction in following years (delayed cost). however, B. vulgaris is highly efficient in compensating damage even under field conditions (martinkova et al. 2008) , and it seems unlikely that losses in the first year would not also affect the plant later in the same season. Implications a growing number of studies have shown that arthropod herbivores and plant-associated microorganisms can seriously affect each other while on the same plant, either directly or mediated by the plant (hatcher 1995; hatcher and Paul 2000; mouttet et al. 2011; Paul et al. 2000; rostas and hilker 2002; stout et al. 2006; tack and Dicke 2013) . Our study shows clear examples of this, both for the presence of and damage by antagonists and for induced changes in the plant that may subsequently affect both (and other) antagonists. however, while these immediate plant-pathogen-herbivore interactions may be interesting and important, their impact on plant performance, fitness and yield may be strongly moderated by compensatory growth (Fournier et al. 2006; hauser et al. 2013) , as also shown by our results. Unfortunately, very little is known about this phenomenon; in the meta-analysis of hauser et al. (2013), only 35 data sets could be found that had estimated the combined impacts of herbivores and pathogens on plant performance, despite its clear relevance for ecologists and agronomists alike.
an interesting aspect of our study is that plant chemical defences may be upregulated upon combined attack by pathogens and herbivores-even when plants are resistant to one of the antagonists. In B. vulgaris, this may be due to the induction of a generalized defence response by both Albugo and flea beetles, which further seems to be quite costly for the plants. this upregulation may, however, differ among plant species, the specificity of the defence systems, and the antagonist encountered.
the two plant types of B. vulgaris have different geographical distributions, with the flea beetle resistant g-type found in Western europe and the P-type, which is frequently resistant to Albugo, distributed in eastern europe (hauser et al. 2012; christensen et al. unpublished) ; they co-occur in scandinavia and Finland but hybridise infrequently due to a partly sexual barrier (toneatto et al. 2010) . to what extent divergence between the two plant types and their resistances have been driven by exposure to different herbivores and pathogens in their different ranges and just how inter-typic hybrids in the region of co-occurrence are affected by novel combinations of resistances and threeway interactions with antagonists are unclear and the topic of ongoing research.
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